We report the fabrication of low temperature deposited polysilicon waveguides using a laser annealing process. Micro-Raman and XRD measurements reveal the quasi-single crystal-like quality of the material, which exhibits low optical losses of 5.13 dB/cm.
Introduction
Silicon (Si) is an excellent material for integrated photonics devices as its high refractive index allows for small device footprints, with the potential for integration with electronics. To date, crystalline silicon (c-Si) remains the most widely used form of this material, owing to its exceptional optical properties. However, c-Si photonic devices are relatively difficult to integrate with the electronic layers due to fabrication constraints. Thus more recently there has been increased interest in deposited silicon materials, including hydrogenated amorphous silicon (a-Si:H) [1] , silicon nitride (SiN) and polycrystalline silicon (poly-Si) [2] . Although waveguides produced from a-Si:H and SiN can exhibit very low losses, in some cases lower than c-Si, their electronic properties are inferior. On the other hand, poly-Si has the potential to exhibit optical and electronic properties that are comparable with c-Si, but so far its performance has been limited due to small grain sizes that act as scattering and absorption points.
In general, to obtain good quality poly-Si materials they need to be deposited at temperatures higher than 900°C [3, 4] . However, such high temperatures are incompatible with many CMOS processes, resulting in a drive to develop lower temperature methods (<450°C) [2] , though to date the optical losses have remained a limiting factor [5, 6] . In this work, we report the fabrication of poly-Si waveguides via local laser annealing of a-Si photonic wires. Our technique allows for the fabrication of poly-Si devices with a thermal budget of 320°C, and is thus suitable for back-end integration with electronics. The crystallization of the processed material has been assessed through microRaman spectroscopy and XRD measurements, confirming the quasi-single crystal characteristics of the photonic wires. Transmission measurements reveal a waveguide loss of 5.13 dB/cm, which is the lowest loss reported for a low temperature poly-Si material to date.
Starting material and experimental setup
Our starting sample consists of a 400 nm film of a-Si that was deposited on a 4.7 µm thick silica box layer using a hot-wire chemical vapor deposition technique, at a temperature of 320°C. The a-Si wire structures were then patterned to have widths of 1.5 µm via e-beam lithography and dry etching, as shown in Fig. 1 a) . The set up used to anneal the wires is shown in Fig. 1 b) , where the laser is an Argon ion source delivering 1W of continuous wave (CW) radiation at 488 nm. The power on the sample was adjusted using a half wave plate and polarization beam splitter cube. The beam was then focused on the sample using a 10x microscope objective (MO), to achieve a 4.7 µm diameter spot. The surface of the sample was imaged on a CCD camera using white light illumination and the position controlled via a set of micro-precision stages. 
Results
The a-Si wires were crystallized with a laser power of 230 mW, corresponding to an intensity of 1.33 MW/cm 2 on the sample surface, and the beam was scanned along the structure at a speed of 0.1 mm/s. For this combination of laser power and scan speed, sufficient thermal energy was transferred to the wires to completely melt the amorphous material, allowing for the formation of large crystal grains that extend across the entire waveguide width [7] . To verify this, the crystal quality of the annealed material was assessed via micro-Raman spectroscopy. The measured Raman spectra of the waveguide before (blue) and after (red) laser annealing are shown in Fig. 2 a) . The deposited material displays a broad spectrum centered at 480 cm -1 , typical of a-Si, while the annealed material exhibits a peak centered at 518 cm -1 with a full width at half maximum (FWHM) of 2.74 cm -1 , in excellent agreement with the single crystal reference (520 cm -1 and 2.7 cm -1 FWHM) [8] . Further confirmation of the single-crystal like nature was provided by XRD measurements taken using a high energy, micro-focused beam line generated by a synchrotron light source. These studies revealed a single diffraction spot over the entire waveguide width, for lengths >40 µm.
To determine the optical quality of our poly-Si waveguides, transmission measurements were performed to establish the optical losses. A 1550 nm CW laser diode was coupled into the fundamental mode of the waveguides (TE polarization) using a 63x MO. The output was then collected using a 25x MO, focused onto a power meter or CCD camera. The losses were then determined using a cut-back method, where ~1 mm was polished off the sample length at each step, as shown in Fig. 2 b) . The waveguides display linear losses of 5.13 dB/cm, which is the lowest losses reported for laser annealed poly-Si materials [5] , and also lower than the best PECVD poly-Si waveguides with these dimensions [3] .
Finally, scanning electron microscopy (SEM) was used to image the as-deposited and laser crystallized poly-Si wires to observe the effects of the crystallization, as shown in Fig. 2 c) and d). It is clear that during the processing, the molten a-Si reshapes due to surface tension, resulting in a crystallized wire with an ultra-smooth top surface to reduce scattering at this interface. Fig. 2 . a) Raman spectra. b) Cut-back loss measurement. c and d) SEM micrograph of a polished waveguide end-facet before and after laser treatment respectively (note, the debris on the surface is wax from the polishing process).
Conclusions
We have reported the fabrication of low loss poly-Si waveguides with a thermal budget of 320°C. Investigations of the crystallographic properties reveal the quasi-single crystal-like nature of the poly-Si material, which is further supported by the low optical losses measured in the waveguides.
